We present how macroscopically coherent ordering within a chiral state can be manifested in the physical properties within the context of an archetypical system-the chiral spin soliton lattice in a monoaxial chiral magnet CrNb 3 S 6 . Using magnetotransport measurements and state-of-the-art Lorentz electron microscopy, we demonstrate spin soliton confinement in 1-μm-wide grains with different crystalline chirality and discretized magnetoresistance in 10-μm-wide crystals. Discretization effects are found to be prominent when the system size is reduced to the order of 10 μm along the chiral axis. A consequence that we identify is a robust coherence of the chiral soliton lattice against deformation. The spin configuration at the grain boundaries, which leads to soliton confinement, is experimentally clarified.
We present how macroscopically coherent ordering within a chiral state can be manifested in the physical properties within the context of an archetypical system-the chiral spin soliton lattice in a monoaxial chiral magnet CrNb 3 S 6 . Using magnetotransport measurements and state-of-the-art Lorentz electron microscopy, we demonstrate spin soliton confinement in 1-μm-wide grains with different crystalline chirality and discretized magnetoresistance in 10-μm-wide crystals. Discretization effects are found to be prominent when the system size is reduced to the order of 10 μm along the chiral axis. A consequence that we identify is a robust coherence of the chiral soliton lattice against deformation. The spin configuration at the grain boundaries, which leads to soliton confinement, is experimentally clarified. Helicoidal spin systems were among of the first chiral spin systems to be studied [1] . An incommensurate-commensurate (IC-C) phase transition was proposed several decades ago by Dzyaloshinskii for this system [1] and a discommensurate spin structure appears when a magnetic field is applied perpendicular to the chiral axis [1] [2] [3] [4] [5] . The discommensurate phase is called a chiral soliton lattice (CSL), and is composed of parallel chains of tightly wound spin "twists." The CSL is distinct from and competes with a "forced" ferromagnetic phase in which all spins align parallel with application of a sufficiently large magnetic field.
Recently, the CSL was directly observed and characterized using Lorentz electron microscopy and small-angle electron scattering experiments [6] . In contrast to topological counterparts found in cubic chiral magnets [7] [8] [9] , the CSL in monoaxial hexagonal crystals [6] are observed to be robust against effects associated with material defects and thermal fluctuations. The reasons for this robustness are not well understood but appear to be related to the presence of only one chiral axis.
The CSL couples with conduction electrons and gives rise to nontrivial physical properties. In particular, each magnetic soliton in the CSL works as a scattering potential for con- duction electrons with itinerant spins and thus induces magnetoresistance (MR) along the chiral axis. Indeed, a negative interlayer MR was observed in a large single crystal CrNb 3 S 6 of several mm 2 in area in the ab plane and 200 μm in thickness along the c axis [10] . The MR was found to vary smoothly with applied magnetic field strength qualitatively as the soliton density, indicating that the scattering frequency as conduction spins traversing the CSL correlates with the soliton density.
Nonmonotonous changes of the MR and magnetization were observed in noncentrosymmetric MnSi thin films of less than 30-nm thickness [11] . The helicoidal structure with two soliton 2π twists is formed normal to the plane because of a uniaxial anisotropy with hard axis normal to the film. Spin configurations at several field strengths below the critical field were examined using polarized neutron reflectometry and the MR behavior was interpreted as a transformation among helicoidal state with a discrete quantized number of solitons.
In this paper, we give evidences that such soliton confinement and discretization effects of physical properties take place in the monoaxial chiral crystal CrNb 3 S 6 with the robust CSL. In particular, we show that the small system size strongly affects the MR by creating stepwise and hysteretic changes. Using a combination of magnetotransport measurements and high resolution Lorentz transmission electron microscopy (TEM), we demonstrate experimentally that the discretized MR appears in 10-μm-wide CrNb 3 S 6 crystals and is due to soliton confinement. We visualize the soliton confinement in grains with a different crystalline chirality (which we refer to as "chirality grains") whose width is on the order of 1 μm. We find similar confinement effects in micrometer-sized samples and link this directly to stepwise changes in the MR. These properties, as far as we know, have never been observed in bulk single crystals and become apparent only when the sample size is reduced to the order of 10 μm or less, i.e., the number of solitons in the system being limited to hundreds or less. These features are consequences of how the spin structure of the CSL remains perfect at least over micrometers.
The system we consider, CrNb 3 S 6 , is typical of the monoaxial chiral magnets, belonging to the space group of P 6 3 22 [15] . It has a layered hexagonal structure of 2H -type NbS 2 intercalated by Cr atoms, with the size of unit cell 0.57 nm in the ab plane and 1.21 nm along the c axis [16] , as shown in Fig. 1(a) . The phase transition temperature T C is found to be 127 K in the samples examined in this study. In the unit cell, an element block of Cr atom is surrounded by six neighbor S atoms and coincides with a neighboring block of the same structure by rotating π and sliding a distance −a/3 + b/3 + c/2. As a consequence of combined translational and screw operations, chiral symmetry is guaranteed over all of the crystal and a monoaxial antisymmetric exchange (Dyzaloshinskii-Moriya, subsequently referred to as DM) interaction [17, 18] exists all along the chiral c axis.
The formation of the CSL is triggered by the application of a magnetic field, and results from how the spins cope with a competition between Heisenberg exchange (coupling constant J 12 ), DM antisymmetric exchange interactions and the Zeeman energy. Spin helimagnetic ordering appears at zero magnetic field, as depicted in Fig. 1(b) . The magnetic moments rotate in one direction only with respect to the chiral axis which is determined by the DM vector D. The helix period L(0) is given by a ratio of two kinds of exchange coupling as 2πa 0 / arctan(| D|/J 12 ) 2π (J 12 /| D|)a 0 with a 0 being the atomic lattice constant along the chiral axis [1] [2] [3] . In CrNb 3 S 6 , the ratio | D|/J 12 is found to be 0.16, corresponding to L(0) of 48 nm [6, 15] .
In magnetic fields perpendicular to the chiral axis, the chiral spin helix is transformed into the CSL; a nonlinear structure comprised of regions with spins aligned parallel to the field periodically separated by chiral soliton 2π "kinks." The distribution of angles defining the local spin orientations defines a profile that corresponds to a one-dimensional topological soliton solution of the sine-Gordon equation [1] [2] [3] [4] Micrometer-sized specimens of the monoaxial chiral crystal CrNb 3 S 6 were prepared for MR measurements, as shown in Fig. 2(a) . Specimens of typically 10 μm × 10 μm × 1 μm were cut from a bulk single crystal of CrNb 3 S 6 and fixed to the Si substrate with patterned gold electrodes by using a focused ion beam technique. The specimen was electrically contacted to four gold electrodes by W deposition. Two of the electrodes, of 1 μm width, were attached to the side and the top surface (ac plane) of the crystal with a typical separation of 1 μm for voltage detection, while the latter two were put on the edges for current application. The MR data were taken by the standard four-terminal ac resistance measurement with an ac current amplitude from 0.1 to 5 mA at a frequency of 137 Hz. A magnetic field was applied perpendicular to the c axis in the plane, and the MR was determined as the field was cycled from zero to 3500 Oe and backward. Measurements were performed in more than ten devices, in all of which similar results were obtained.
With a Lorentz TEM observation [19] [20] [21] , we visualized the CSL in a thin area (less than 100 nm) of CrNb 3 S 6 specimens, which had almost the same dimensions in the plane including the c axis as those for the resistance measurements but a thickness smaller by one order of magnitude. Some specimens were found to contain grains with opposite crystalline chirality of 1 μm or longer along the c axis. We were able to observe in these grains soliton confinement and discretization. A TEM specimen was mounted on the specimen cooling holder and cooled to below T C . The magnetic field was applied vertically to the specimen by the objective pole-piece by controlling the objective lens current in the 200-kV scanning transmission electron microscope (JEOL ARM-200CF [22] ).
First, let us see the MR behavior. Hysteresis is found clearly at low temperatures, as shown in Figs. 2(b) to 2(e), e.g., for measurements at a temperature of 20 K in Fig. 2(b) . Here, the resistance R is given as a function of the field for the increasing (red) and decreasing (blue) branches. R returns to its initial value at zero field but the path for increasing field is different from the path as the field is decreased. A gradual decrease of R is observed with increasing field. Sharp steps appear at 1810, 1965, and 2165 Oe on the increasing branch, followed by a cascade of steps with a quasilinear decrease toward a minimum R value at a saturation field H sat of 2860 Oe. Upon decreasing the field, R remains constant until just below 1965 Oe, when a sudden jump occurs (H jump ). R then increases to the initial zero-field value as the field is reduced further. With the field applied along the plane and perpendicular to the c axis, H sat and H jump reduce to about 1900 and 800 Oe, respectively (e.g., see the data of the different specimen in Fig. S1 in Ref. [23] ). In this case, the value of H sat is almost consistent with that measured in a configuration of the least demagnetization field [10] .
Another feature seen in the MR curve at low and high fields at 10 K is shown in Figs. 2(c) and 2(d) . Many steps are visible in the increasing and decreasing branches in Fig. 2(c) . The steps appear with many different plateau widths and the magnitude of the jumps varies between 16 and 2060 μ . Interestingly, seven steps, counted from zero field along the increasing and decreasing field branches, appear at almost the same value of R irrespective of the swept direction of the field.
Stepwise structures appear at higher fields close to H sat along the increasing field branch, as shown in Fig. 2(d) . We note that the plateaus become quite wide near H sat and the magnitude of the jump is integer multiples of 26 ± 7 μ .
MR curves for temperatures between 10 and 160 K are shown in Fig. 2(e) . The hysteresis in R appears for a wide temperature range below T C and becomes even broader with decreasing temperature. The hysteresis disappears entirely for fields larger than H sat as well as when the temperature is increased very close to T C (e.g., see the MR curve at 120 K). The hysteretic behavior observed in a 10-μm-sized CrNb 3 S 6 specimen contrasts with that found in a bulk specimen of 200-μm thickness along the c axis, in which no hysteresis is found over all ranges of temperature [10] . The MR varies smoothly for bulk CrNb 3 S 6 in accord with the calculated soliton density [10] . The soliton density plays the role of the order parameter for the continuous IC-C phase transition [1] [2] [3] [4] [5] [6] associated with the formation of the CSL. This means that each soliton creates a spin-dependent scattering potential for itinerant spins. At low temperatures where the path lengths are long, MR should involve scattering from all solitons and might therefore be used to measure the soliton density. Note that this would also require perfect registry of solitons across the CSL. Indeed, at temperatures below 110 K, a fine structure appears in the form of a sequence of steps along a portion of the increasing and decreasing field branches in Fig. 2(e) , suggestive that discrete changes in soliton density are responsible.
We then performed Lorentz TEM, as sketched in Fig. 3(a) , in order to understand the microscopic nature of the steps and plateaus observed in the MR curves. Evidence of multiple states of the CSL is observed directly within a grain of reversed crystalline chirality. The spin configuration in the region containing the grain was experimentally determined from analyses of high-resolution differential phase contrast (DPC) images [20, 22] as shown in Figs. 3(b) to 3(d) . The schematic illustration obtained is given in Fig. 3(e) .
A magnetic field applied perpendicular to the plane has the counterintuitive effect of orienting spin moments in plane near the grain boundary, i.e., perpendicular to the applied field direction. Two π/2 twists connect these spins with spins on either side of the boundary. The spin configuration of π/2 twist from the boundary looks like the surface twist structure at free boundaries found in MnSi thin films [11, 12] . Lorentz images (Fig. S2 in Ref. [23] ) reveal that this spin configuration remains the same even at fields above H sat , which means that the net direction of in-plane magnetic moments is fixed around the boundary throughout the field cycle described below.
The mechanism of soliton confinement was discussed theoretically in a finite-size chiral system without or with pinning at both boundaries, i.e., free [11, 12] or fixed [13] boundary conditions. The influence of dipolar interactions was argued in a nonchiral spin system [14] . From the Lorentz TEM data, it is hard to identify dominant interactions to give preference to any of the confinement mechanisms. Nevertheless, it is naively expected that the existence of another such boundary some distance away, as seen in Fig. 3 , creates a confining well for solitons trapped between the two interfaces.
Indeed, stepwise changes of the soliton period in this confining well were observed when the magnitude of the applied magnetic field was changed. We note that great care with the imaging and analyses was taken in order to maintain a fixed position with respect to the grain while changing the field, thereby ensuring that there were no artefacts associated with changes in magnification, e.g., as shown in Figs. 4(a) to 4(c) . Evidence for confinement effect is seen in Figs. 4(d) and 4(e). Plateaus and stepwise jumps are clearly observed for field strength changes of 1 Oe. Note that the spacing between contrast lines within the grain remains constant independent of the magnetic field while within a single plateau range (within experimental resolution). We therefore conclude that the solitons in the right handed region are indeed confined.
Clear and unambiguous evidence for discrete changes in soliton number has been obtained in the present study. We are able to determine exact changes in the soliton numbers in the micro-sized grain discussed here, and argue that the soliton confinement is occurring at the edges of the grain where the in-plane spin configuration is formed. Consequently, the soliton period is discretized in size and the related physical properties are quantized in units of single solitons.
The original prediction of soliton confinement was for a very limited number of solitons in the chiral spin system [11] [12] [13] . The difference in soliton numbers between plateaus will increase as the confinement region and number of solitons involved becomes smaller, which enables the detection of MR or magnetization anomalies in a MnSi thin film associated with the nucleation or annihilation processes of two soliton twists [11] . In this connection, we found that, for specimens on macroscopic length scales, namely in which tens or hundreds solitons are involved in the confinement, we are able to distinguish stepwise changes due to single soliton events along the transition to the forced ferromagnetic state. We stress that solitons strongly correlate over ten micrometers as observed in Lorentz micrographs and small-angle electron scattering data [6] , which is consistent with the present findings.
We expect that in an infinite soliton lattice, the period outside the confined region should change continuously. Outside the grain, the spacing indeed varies continuously with the field strength, for the case when 20 or 16 solitons are found in the right-handed grain. However, a sudden increase of the slope is also frequently observed outwith the grain, e.g., as seen at around 1300 and 1900 Oe in Figs. 4(d) and 4(e) . This is consistent with the fact that the soliton lattice is not infinite outside the grain, and is confined over a distance on the order of the macroscopic sample size. The confinement effect occurring outwith the grain, namely between the chiral well and a free edge of the specimen, is over a length scale of 10 and 7 μm.
The length scales over which distinct plateaus are observed are striking. This requires a high degree of coherence of the CSL in order that the CSL at the separate edges works cooperatively to allow a single soliton escape or injection. The confinement mechanism in operation for the 1-μm grain confinement probably differs from the one that must occur at free edges, as observed in the 10-μm samples, but nevertheless confinement occurs in each situation. Single soliton changes were observed even in finite size MR samples at high fields where the soliton density is smallest. This is consistent with single soliton decrease in the chirality grain throughout the increasing field branch. However, the spacing of the CSL becomes slightly irregular at high fields close to H sat , although solitons are very straight perpendicular to the c axis. The coherence of the CSL may begin to deteriorate at smaller soliton densities partly because of random pinning and other factors, which may be not negligible.
We note an interesting analogy to the notion of generalized thermodynamic rigidity as associated with long range order. In some systems, the rigidity is characterized with reference to a phase, as in the cases of superfluidity and superconductivity. The magnetic order parameter of the CSL is represented by M 0 exp ( ± iφ(r)) where the sign defines the chirality of the state. Vortices in the superconducting or superfluid states are likewise described by an order parameter analogous to φ(r). A quantization of the trapped magnetic flux, superfluid circulation, or the spin soliton lattice period arises from the uniqueness of a wave function and rigidity of an order parameter. In all cases, this requires phase coherence over some characteristic length scale.
In summary, we have studied the domain structure of the CSL at chirality grain boundaries in thin films of CrN 3 S 6 . As a consequence, we observe microscopic quantization effects for the total number of solitons within the chirality grains and the MR in microsized CrN 3 S 6 specimens. The CSL with long-range coherence are so far found solely in a particular class of the monoaxial chiral magnets but could be realized and functioned in other chiral systems such as chiral nematic liquid crystals. In tetragonal, hexagonal, and trigonal systems, there is only one principal crystal axis and consequently the crystal symmetry picks up only one helical axis. These three crystal classes can support a robust CSL structure.
From a technological viewpoint, confinement discretizes the soliton density, thereby enabling the use of solitons as individual and countable objects. Practically, counting the soliton number electrically can be accomplished with relative ease, which allows us to exploit the discreteness of the soliton density for data storage applications.
